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RELUCTANCE MACHINE WITH
PERMANENT MAGNET ROTOR
EXCITATIONS

FIELD OF THE INVENTION

This invention relates to reluctance machines and
machine systems and, in particular, to switched reluctance
machines and machine systems. More specifically, the
present 1nvention relates to a method and apparatus for
improving the performance of a switched reluctance
machine through the use of permanent magnet rotor exci-
tations.

BACKGROUND OF THE INVENTION

In general, a reluctance machine 1s an electric machine in
which torque 1s produced by the tendency of a movable part
to move 1nto a position where the inductance of an energized
phase winding 1s maximized. In one type of reluctance
machine the energization of the phase windings occurs at a
controlled frequency. These machines are generally referred
to as synchronous reluctance machines. In another type of
reluctance machine, circuitry 1s provided for detecting the
position of the movable part (generally referred to as a
“rotor”) and energizing the phase windings as a function of
the rotor’s position. These types of machines are generally
known as switched reluctance machines. The present inven-
fion 1s applicable to both synchronous and switched reluc-
tance machines.

The general theory of the design and operation of reluc-
tance machines 1n general, and switched reluctance
machines 1n particular, 1s known 1n the art and 1s discussed,
for example, 1n Stephenson and Blake, “The Characteristics,
Design and Applications of Switched Reluctance Motors
and Drives”, Presented at the PCIM °93 Conference and
Exhibition at Nuremberg, Germany, Jun. 21-24, 1993.

As explamned above, the basic mechanism for torque
production 1n a traditional reluctance motor is the tendency
of the rotor to move 1nto a position to 1ncrease the induc-
tance of the energized phase winding. In general, the mag-
nitude of the torque produced by this mechanism corre-
sponds to the magnitude of the current in the energized
phase winding such that the motor torque 1s heavily depen-
dent on the phase current waveforms. For an 1deal traditional
reluctance motor with no magnetic saturation, the 1nstanta-
neous torque T, per phase, 1s:

dl
T=1]2*—
d o

Where 1 1s the mstantaneous current 1n the energized phase
winding and dL/dO 1s the derivative of the phase inductance
L. with respect to the rotor position 0. While all practical
reluctance motors have some magnetic saturation, this equa-
tion 1s useful for purposes of the present analysis.

Because torque production in a traditional reluctance
machine 1s almost exclusively a function of the current
flowing 1n the phase winding, the power drives that are
coupled to a traditional reluctance machine are required to
have a rating corresponding to the highest expected torque
output, and thus the highest expected phase current. This
requirement often increases the costs of the power drives
that must be used 1 conjunction with a given reluctance
machine.

Alternately, when the costs of the power drives 1s a
limiting function, the maximum torque output available
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2

from a traditional reluctance machine 1s limited by the
maximum current rating of the available power converter.
This current limit effectively limits the maximum available
torque output from the machine.

It 1s an object of the present invention to overcome these
and other limitations of traditional reluctance machines by,
among other things, providing a reluctance machine system
that allows for greater torque production for a given
machine/power converter power rating, or conversely,
allows the same torque to be produced with a lower phase
current level, thus requiring a lower rated, and less costly,
power converter. Moreover, 1t 1s a further object of the
present 1invention to achieve these results with a machine
that 1s rugged and easy to manufacture.

SUMMARY OF THE INVENTION

In accordance with an exemplary embodiment of the
present mvention a reluctance machine system 1s provided
that comprises a reluctance machine having a stator defining
a plurality of stator poles, a plurality of phase windings
wound around the stator poles, and a rotor defining rotor
poles and inter-pole gaps. Permanent magnet inserts are
athixed within the inter-polar gaps. These permanent mag-
nets provide auxiliary rotor excitations and interact with the
current flowing 1n the phase windings of the machine to
produce torque; such that the torque output of the reluctance
machine 1s a function both of the phase current interacting
with the traditional rotor poles, and the phase current inter-
acting with the permanent magnets on the rotor. These two
sources of torque allow for a greater torque output for a
orven phase current that was previously available from
traditional reluctance machines.

A further aspect of the present invention comprises vari-
ous power drives that are used to drive reluctance machines
having permanent magnets positioned within imter-pole gaps
as described above. The novel power drives of the present
invention provide for both bi-directional and uni-directional
currents that may be controlled, both 1n magnitude and
phasing, to provide controlled torque output.

BRIEF DESCRIPTION OF THE DRAWINGS

Similar reference characters indicate similar parts
throughout the several views of the drawings.

FIG. 1 illustrates a cross-sectional view of an exemplary
reluctance machine in accordance with the present 1mnven-
tion.

FIG. 2 illustrates exemplary inductance, magnetic flux
and current waveforms for the machine of FIG. 1.

FIG. 3 illustrates an H-bridge drive that may be used to
drive the machine of FIG. 1.

FIGS. 4A and 4B 1illustrate alternate drives that may be
used to drive the machine of FIG. 1, each including a
front-end converter.

FIG. § illustrates a bi-polar drive with a neutral point

between the DC bus that may be used to drive the machine
of FIG. 1.

FIG. 6 illustrates a drive that may be used to drive the
machine of FIG. 1 such that current flows through two phase
windings simultaneously.

FIG. 7 illustrates an alternate embodiment of a reluctance
machine 1n accordance with the Present invention having
eight stator poles and six rotor poles.

FIG. 8 illustrates exemplary inductance, magnetic flux
and current waveforms for the machine of FIG. 7.

DETAILED DESCRIPTION OF THE
INVENTION

Turning to the drawings and, 1n particular FIG. 1, a cross
sectional view of a reluctance machine 10 in accordance
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with the present invention 1s provided. In general, the
machine 10 comprises a stator 12 and a rotor 14 positioned
within the stator in such a way that it 1s free to rotate within
the stator.

The stator 12 may be constructed from a stack of identical
steel stator laminations 1n accordance with standard reluc-
tance machine techniques. In the exemplary embodiment of
FIG. 1, the stator defines six inwardly projecting stator
poles. The six pole stator 12 of FIG. 1 1s exemplary only, as
alternate embodiments of the present invention having
oreater or fewer than six stator poles are envisioned.

Coils of three phase windings A, B and C are positioned
around the six stator poles so as to define three stator pole
pairs 12a, 12b, and 12¢. The coils of the phase windings A,
B and C are positioned such that the magnetic fields estab-
lished when umidirectional current flows i1n the phase
windings, 1n the same direction, have an orientation corre-
sponding to the arrows A, B and C of FIG. 1. For example,
the coils may be positioned such that, when current flows 1n
a given direction through all three phase windings A, B and
C, the tips of the arrows would be the north poles of the
respective magnetic fields. Conversely the tips could be the
south poles.

In FIG. 1, the coils of the three phase windings are
schematically illustrated by a single winding turn. As those
of ordinary skill in the art will appreciate, the coils may, and
typical will, consist of a number of winding turns. The
precise number of winding turns per coil will vary from
application to application and can be selected according to
known design methods.

For optimum performance the annular arc spanned by
cach stator pole 12 defined as 0d should be approximately
I1/Ps where Ps 1s the number of stator poles. In the example
of FIG. 1, since Ps is 6, each stator pole spans I1/6 or 30°
mechanical degrees.

The construction of stator 12 and phase windings A, B and
C to meet the above criteria 1s well within the ability of one
of ordmary skill in the art having the benefit of this disclo-
sure and will not be discussed further herein.

In a preferred embodiment, the rotor 14 comprises a stack
of substantially i1dentical steel laminations that define four
outwardly projecting stator poles 14a and four “inter-pole”
cgaps. Positioned within the inter-pole gaps are permanent
magnets including permanent magnets 147, having a north-
pole magnetic polarity, and permanent magnets 14s, having,
a south-pole magnetic polarity.

Various means may be used to aifix and hold the perma-
nent magnets 14s and 147 1n the inter-pole regions of rotor
14. For example, the permanent magnets 147 and 14s may
be glued, epoxied or atfixed 1n any other suitable binding
fashion to the rotor 14. Alternately, the permanent magnets
may be positioned within the inter-pole gaps and a non-
conductive, non-magnetic sleeve may be placed over or
around the entirely of the rotor/permanent magnet assembly.
Still further, tangs or other similar structures may be formed
in the rotor and the permanent magnet inserts such that the
inserts are held in the inter-pole regions by the tangs. Even
further, bands may be placed around the rotor/permanent
magnet assembly, or a combination of the above listed
methods could be used.

The precise manner 1n which the permanent magnet
inserts 14n and 14s are positioned and held within the
inter-pole gaps 1s not critical to proper operation of the
machine 10 of FIG. 1 as long as the permanent magnet
inserts 147z and 14s are sutficiently secure that they will not
move or shift during the normal operation of the machine.
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Preferably, the outer contour of the permanent magnet
inserts 147 and 14s should conform as closely as possible to

the curvature of the outermost portions of the rotor poles 14a
such that the outer surface of the rotor/permanent magnet
msert assembly 1s contiguous and smooth. This arrangement
will reduce windage losses that would otherwise occur.

Because the rotor 14 of the motor of FIG. 1 includes
traditional rotor poles 144 and permanent magnet poles 14#n
and 14s, the torque output of the machine 10 will have
components provided by the interaction of the current in the
phase windings A, B and C with the rotor poles 14a (the
“reluctance” torque) and a component provided by the
interaction of the current in the phase windings A, B and C
with the permanent magnets 14n and 14s (the “permanent
magnet” torque). In general, the per-phase torque output of
the machine 10 may be expressed mathematically by the
following relationship:

A @ pur
T=Tpm+Trel=1i Pr

+1/25% —
d o

Where 1 1s the 1nstantaneous current 1n the energized phase
winding, where

4 P pm
d o

1s the derivative of the flux linkage between the magnetic
field of the permanent magnet on the rotor and the energized
phase winding with respect to the rotor position 0, and dL/dO
1s the derivative of the phase inductance L with respect to the
rotor position 0.

As the above equation makes clear, for a positive

d P pm
d o

and positive current 1, the torque output of the machine 10
will be greater for a given phase current than it would
otherwise be for a traditional reluctance machine without
permanent magnets affixed to the rotor. Alternately, a lower
current 1 can be used to produce the same torque output since
there 1s a permanent magnet torque contribution.

One benefit of the machine 10 over other rotating
machines having permanent magnets on the rotating part of
the machine 1s that 1t 1s relatively easy and inexpensive to
construct because of the concentrated nature of the switched
reluctance phase windings and the simple construction of
both the rotor and the stator.

As the above indicates, the total torque output of the
machine 10 of FIG. 1 will be greater than would otherwise
be for a traditional reluctance machine as long as

4 Pom
d 0

1s positive. The polarity of

4 Ppm
d o

will depend on the direction of the current in the phase
winding of interest as well as the polarity of the permanent
magnet 147, 14s mteracting with the energized phase wind-
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ing. Because there are permanent magnets of both polarities
athixed to the rotor 14, 1t 1s necessary to have bi-directional
currents to produce maximum torque output. FIG. 2 1llus-
frates one switching scheme that may be used with the
machine 10 of FIG. 1 to produce maximum torque output.

Referring to FIG. 2, the inductance L, permanent magnet
flux linkage ®pm and desired phase current 1, for the three
phases windings A, B and C of the machine 10 of FIG. 1 are
illustrated as a function of rotor position 0. The various
parameters are illustrated with equal divisions correspond-
ing to the stator pole span 0, As may be noted, in the
preferred embodiment, the inductance profiles take the form
of triangles as 1s traditional with reluctance machines that
increase for one stator pole span, decrease to zero the next
and remain at zero for yet a third. The permanent magnet
flux linkages waveforms, however, are of a different form
and, because there are north and south polarity magnets 14#n
and 14s afhixed to rotor 14, vary from positive to negative.

To produce the maximum desired reluctance torque 1t 1s
essential to energize each phase winding when the induc-
tance for that winding 1s increasing. Using phase winding A
as an example, the inductance for that winding 1s increasing
during the intervals defined by rotor positions 0°-30°,
90°-120°, and 180°-210°. Thus, the switching scheme of
FIG. 2 illustrates current in phase winding A for each of
these intervals. Because the reluctance torque 1s a function
of the square of the current, the polarity of the current
flowing 1n winding A during these intervals 1s not critical to
the production of maximum torque.

The polarity of the current 1s, however, important for the
production of permanent magnet torque. Thus, to allow for
the maximum production of permanent magnet torque, the
polarity of the currents flowing through the phase windings
during the intervals of increasing inductance 1s controlled to
be of the same polarity of the slope of the permanent magnet
flux curves for that winding during those intervals. Again,
using phase A as an example, during the intervals 0°-30° and
90°-120° the permanent magnet flux for that phase winding
1s decreasing. As such, to provide positive magnetic torque
during those intervals, the current 1n the phase winding, Ia,
1s controlled to also be negative. Conversely, for the mterval,
120°-210°, the magnetic flux for phase winding A is increas-
ing and the current Ia, 1s controlled to be positive. Similar
switching arrangements are employed with the other phase
windings as 1llustrated in FIG. 2.

Although not illustrated 1n FIG. 2, the magnitudes of the
currents flowing 1n the phase windings may be adjusted or
controlled by traditional methods (e.g., open or closed loop
pulse-width-modulation control, hysteresis control or any
other appropriate method) to control the average output
torque.

Many different drives may be used to provide the switch-
ing scheme of FIG. 2. One such drive 1s a traditional full
H-bridge drive as illustrated in FIG. 3. In this drive a DC
voltage Vdc 1s provided across a DC bus 30 from a DC
source such as a battery or an AC-DC converter. Four power
switching devices, including upper devices 32«4 and 32«' and
lower devices 32/ and 327, couple each of the three phase
windings A, B and C across the DC bus. The power
switching devices 32u, 32u', 32/ and 32/' may be any suitable
switching devices such as MOSFETSs, bi-polar junction
transistors, power MOSFETs, IGBTs, mechanical switches
or the like. In general, actuation of two of the power
switching devices (one upper and one lower) into a conduc-
tive (or “closed”) condition will cause current to flow
through the phase windings. By adjusting which power
switching devices are actuated, the polarity of the current
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can be controlled. For example, with respect to phase A,
actuation of power switching devices 324 and 32/' into a
conductive condition will cause current to flow from left to
richt in FIG. 3. Alternately, actuation of power switching
devices 32u' and 32/ mto a conductive condition will cause
current to flow from right to left.

The gating (switching) signals to the power switching
devices 32u, 32u', 32/ and 32/' may be controlled using
known techniques to control the magnitude of the current in
the phase windings.

The construction of control circuitry to actuate the power
switching devices 32u, 32u', 327 and 32/ 1s well within the
ability of one of ordinary skill 1 the art having the benefit
of this disclosure and will not be further discussed.

While allowing for implementation of the maximum
switching scheme of FIG. 2, the H-drive 1llustrated 1n FIG.
3 1s not of the type commonly used with switched reluctance
machines. In general, most drives for switched reluctance
machines are designed to provide unidirectional currents
only and do not include a full set of four power switching
devices for each phase winding. Thus, the H-bridge drive of
FIG. 3 1s not the type of drive one would encounter 1n a
“retro-fit” situation where one replaced rotor of a given
traditional reluctance machine 1n an existing system with a
reluctance/permanent magnet rotor such as rotor 14 of FIG.
1.

FIGS. 4A and 4B illustrate drives of the present invention
that may be used with the machine 10 of FIG. 1 to imple-
ment the bi-directional switching scheme of FIG. 2. The
drives of FIGS. 4A and 4B are particularly applicable to
retro-fit situations where a traditional reluctance machine 1s
already coupled to a traditional drive. In general, the drives
of FIGS. 4A and 4B comprise traditional switched reluc-
tance drives 40 to which a front end converter and appro-
priate converter switching circuitry (not illustrated) 1s added
42.

Referring to FIG. 4A, a standard uni-polar switched
reluctance drive 40 1s 1llustrated wherein, for each winding,
an upper power switching device 41u and a lower power
switching device 41/ 1s provided. The power switching
devices 41u and 41/ may be of the same construction as
power switching devices 32 of FIG. 3. Also associated with
cach phase winding are upper and lower flyback diodes 43/
and 43u. Associated with traditional drive 40 would be
switching circuitry for monitoring the angular position of the
rotor and generating appropriate actuating signals for the
power switching devices 41u and 411

As those of ordinary skill in the art will appreciate, the
switched reluctance drive 40 of FIG. 4A 1s typically coupled
across a DC bus and operated to provide uni-directional
current to the various phase windings. In the embodiment of
FIG. 4A, however, a converter 42, consisting of four power
switching devices 44u, 44u', 44/ and 44/, 1s coupled across
a DC bus 30. The output nodes of the power converter 45
and 46 are coupled across the bus provided to the traditional
drive 40. By appropriately actuating the power switching
devices that comprise converter 42, it 1s possible to reverse
the polarity of the voltage provided to the bus of drive 40.
For example, if power switching devices 44u and 447 are
actuated 1nto a closed position, the positive DC bus voltage
across bus 30 will be provided to the drive 40. If, however,
switches 44/ and 444’ are actuated into a closed position,
then the negative of the DC bus 30 will be applied to the bus
of drive 40.

Because the switching scheme for the reluctance machine
10 of FIG. 2 differs from the standard switching scheme
used with reluctance motors primarily in that the phase
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currents vary from positive to negative polarity, the drive of
FIG. 4A provides a simple way of converting a standard
drive to a drive that can be used with the machine of FIG.
10. Thus, a standard existing system 1ncluding a drive 40 and
a traditional reluctance machine may be used to implement
the system of the present invention without substantial
modification. First the rotor of the traditional machine may
be replaced with a rotor/permanent magnet assembly as
taught above, and second the converter 42 and 1ts associated
control circuitry must be added to the existing controller.
The bulk of the circuitry of controller 40, including any
control circuitry designed to control the torque output of the
machine, may be used to provide the switching scheme of
FIG. 2 by simply coupling the drive to a converter 42 as
illustrated 1n FIG. 4A and controlling FIG. 42 to reverse the
polarity of the DC bus provided to the drive 40 at the
appropriate times.

FIG. 4B 1llustrates another arrangement of a power con-
verter 42 and a standard reluctance machine drive 40. In the
example of FIG. 4B, the standard reluctance drive includes
only four power switching devices 46u, 46u', 46/ and 46/
and four flyback diodes 48u, 48u', 48/ and 48/'. Operation of
the drive 40 and the power converter 42 for the example of
FIG. 4B 1s generally the same as that previously described
in connection with FIG. 4A and should be apparent to one
of ordmary skill in the art having the benefit of this disclo-
sure.

FIG. § illustrates a bi-polar drive 50 with a neutral point
between the DC bus that may be used to provide bi-polar
currents to the phase windings of the machine 10 of FIG. 1
in accordance with the switching scheme of FIG. 2. In this
embodiment, a DC voltage 1s provided across a DC bus 30.
Coupled across the DC bus are upper and lower DC capaci-
tors 51u and 51/. The common node 52 between the upper
and lower capacitors 51u and 51/ 1s brought out and coupled
fo a common connection between the three phase windings
A, B and C. The other ends of each of the three phase
windings are coupled to switching arraignments that coupled
the other end of the windings to the upper rail of the DC bus
(via power switching device 54u for phase A, 56u for phase
B and 58u for phase C) and to the lower rail of the DC bus
(via power switching device 54/ for phase A, 56/ for phase
B, and 56/ for phase C).

By appropriately activating the devices 54, 56 and 58 1t 1s
possible to establish bi-polar currents in the phase windings.
For example, with respect to phase A it 1s possible to induce
current that will flow from top to bottom 1n FIG. 5 by
activating 1nto a closed position power switching device
S54u. Conversely, power switching device 54/ can be actu-
ated into a closed position to induce current flow 1n the
opposite direction. The appropriate switching sequence to
implement the switching scheme of FIG. 2 should be appar-
ent.

FIG. 6 1llustrates yet another drive 60 that may be used to
drive machine 10 of FIG. 1. In this embodiment, one set of
ends of the three phase windings are coupled to a common
node 64 and the other ends of the phase windings are
coupled across a DC bus by power switching devices 61,
61/ (for phase A); 62u, 62/. (for phase B); 63u, 63/ (for phase
C). By actuating two switches in a conductive condition it is
possible to establish bi-directional current in any two phase
windings.

Because of the nature of the common connection at node
64, it 1s 1mpossible to have phase current flowing in only a
single phase winding with drive 60; current will always be
flowing through two phase windings simultancously. For
example, 1 power switching devices 61u and 62/ are actu-
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ated mto a closed position, the current will flow through both
phase windings A and B. If switches 61u and 63/ are closed,
then current will flow through phase windings A and C.

Because drive 60 cannot establish current 1in only a single
winding, it cannot be used to implement the switching
scheme of FIG. 2. Moreover, one result of using drive 60 to
drive the machine 10 of FIG. 1 is that the reluctance torque
produced by the machine 1s reduced to zero. This 1s because
the reluctance torque produced by one of the energized
phase windings 1s canceled out by a negative reluctance
torque produced by the other energized phase winding. As
such, the drive 60 should be used when only the permanent
magnet torque output of the machine 1s desired.

The preceding discussions of the drives illustrated 1n
FIGS. 3, 4A-4B, 5 and 6 assumed that the switching scheme
used to implement the currents 1 the phase windings of the
reluctance machine 10 was such that the currents took the
form of generally rectangular pulses having a duration
corresponding to the stator pole span as 1llustrated 1n FIG. 2.
The construction and control of such drives i1s relatively
straightforward and easier to implement that the switching
schemes commonly used with other motors having perma-
nent magnets affixed to the rotor, such as a traditional
permanent magnet motor having distributed windings.

In addition to providing rectangular current pulses, the
previously discussed drives of FIGS. 3, 4A-4B, 5 and 6 can
be used to provide pulse width modulation excitation to the
phase windings by switching the appropriate power switch-
ing devices according to known methods for producing
sinusoidal phase currents. When such switching schemes are
used the reluctance torque produced by the machine 1s
reduced to zero and all of the torque 1s produced by the
interaction of the permanent magnets and the phase currents.
Operation of the reluctance machine 10 1n this “sinusoidal”
mode should be used only when magnetic torque 1s desired.

As explained above the six stator pole/four rotor pole
arrangement of the machine 10 of FIG. 1 1s exemplary only
and other stator pole/rotor pole combinations are envisioned.
One such alternate arrangement 1s 1llustrated 1n FIG. 7 which
presents a reluctance machine 70 in accordance with the
present invention having eight stator poles and six rotor
poles.

In general, the machine 70 may be constructed using the
same techniques previously described in connection with
machine 10 of FIG. 1. The machine 70 comprises a stator 72
defining eight stator poles. Placed around the eight stator
poles are four phase windings A, B, C and D such that the
stator poles form four stator pole pairs 72a, 72b, 72¢ and
72d. The coils comprising windings A, B, C and D are
positioned such that the polarities of the magnetic field
established when the phase windings are energized are in
accordance with the arrows 1n FIG. 7. The same convention
used with respect to FIG. 1 1s used 1 FIG. 7.

The rotor 74 of machine 70 comprises a stack of lami-
nations defining six poles and six inter-pole gaps. Permanent
magnets of north polarity 74n and south polarity 74s are
placed 1 the inter-pole gaps as illustrated in FIG. 7.

It may be noted that the permanent magnets in the
inter-pole gaps of FIG. 7 alternate between polarities while
they do not i the embodiment of FIG. 1. In general, the
permanent magnets should be arranged such that a given
permanent magnet has a permanent magnet of opposite
polarity located at the position 180° electrical degrees oppo-
site the given pole of the rotor. Since there are only four rotor
poles 1n the embodiment of FIG. 1, a non-alternating scheme
1s required to ensure that the permanent magnets at positions
180° electrical apart are of opposite polarities, while an
alternating scheme may be used in the embodiment of FIG.

7.
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The drives of FIGS. 3, 4A, 4B, 5 and 6 may be used—as
modified for a four phase machine—to drive the machine of
FIG. 7.

FIG. 8 1llustrates exemplary inductance, permanent mag-
net flux and current wavetforms for the machine 70 of FIG.
7. Because of the four-phase nature of machine 70, the phase
currents of FIG. 8 overlap without producing any decrease
in the net torque output. The exemplary current waveforms
of FIG. 8 provide for maximum torque output.

The above description of several exemplary embodiments
1s made by way of example and not for purposes of limita-
tion. Many variations may be made to the embodiments and
methods disclosed herein without departing from the scope
and spirit of the present invention. For example, the present
invention 1s applicable to reluctance machines having N-6
stator poles and N-4 rotor poles or N8 stator poles and N-6
rotor poles where N 1s an integer greater than or equal to 1.
The present mnvention 1s 1intended to be limited only by the
scope and spirit of the following claims.

I claim as my invention:

1. A rotor for a switched reluctance machine comprising:

(a) a stack of non-magnet rotor laminations, the stack of
non-magnet rotor laminations defining N*4 rotor poles,
where N 1s an integer greater than or equal to 1, the
rotor poles defining at least two inter-pole gaps posi-
tioned 180 mechanical degrees apart; and

(b) at least two permanent magnet inserts, each of the
inter-pole gaps having one of the permanent magnet
inserts positioned therein with the radially-directed
magnetic orientation of the permanent magnet inserts
arranged such that one of the permanent magnet inserts
has a north-pole magnetic polarity and the other per-
manent magnet has a south-pole magnetic polarity.

2. The rotor of claim 1 wherein the contour of the
permanent magnet mserts matches the counter of the rotor
poles.

3. The rotor of claim 1 wherein the at least two 1nter-pole
gaps comprise N*4 inter-pole gaps, where any given one of
the N*4 inter-pole gaps has a corresponding interpole gap
located 180 mechanical degrees from the given one of the
N*4 inter-pole gaps.

4. A switched reluctance machine comprising;:

a stator defining a plurality of stator poles, wherein the
span of each stator pole 1s the same and 1s equal to
approximately II/Ps mechanical degrees, where Ps 1s
the number of stator poles;

a plurality of phase windings placed about the stator
poles;

a stack of non-magnet rotor laminations forming a rotor,
the rotor defining a plurality of rotor poles and at least
two 1nter-pole gaps positioned 180 mechanical degrees
apart, wherein the span of each rotor pole 1s approxi-
mately equal to the span of each stator pole and wherein
the span of each inter-pole gap 1s greater than the span
of each stator pole, the rotor positioned to rotate with
respect to the stator; and

at least two permanent magnet mserts, each of the at least

two 1nter-pole gaps having one of the permanent mag-

net mnserts positioned therein with the radially-directed

magnetic orientation of the permanent magnet inserts

arranged such that one of the permanent magnet inserts

has a north-pole magnetic polarity and the other per-
manent magnet has a south-pole magnetic polarity.

5. The switched reluctance machine of claim 4 wherein

the stator defines N-6 stator poles and the rotor defines N-4

rotor poles, where N 1s an integer greater than or equal to 1.
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6. The switched reluctance machine of claim 5 wherein
there are three phase windings.

7. The switched reluctance machine of claim 4 wherein
the stator defines N-8 stator poles and the rotor defines N-6
rotor poles, where N 1s an integer greater than 1.

8. The switched reluctance machine of claim 7 wherein
there are four phase windings.

9. The switched reluctance machine of claim 4 wherein

cach of the non-magnet rotor laminations 1s formed from
steel.

10. The switched reluctance machine of claim 4 wheremn
the at least two inter-pole gaps comprises a number of
inter-pole gaps equal to the number of rotor poles, where any
orven one of the at least two inter-pole gaps has a corre-
sponding interpole gap located 180 mechanical degrees from
the given one of the at least two inter-pole gaps.

11. A reluctance machine system comprising:

a switched reluctance machine including a stator defining

a plurality of stator poles, wherein the span of each
stator pole 1s substantially the same; a plurality of phase
windings wound around the stator poles; a stack of
non-magnet rotor laminations forming a rotor, the rotor
defining a plurality of rotor poles and a plurality of
inter-pole gaps, wherein the span of each inter-pole gap
1s greater than the span of each rotor pole and wherein
the span of each inter-pole gap 1s greater than the span
of each stator pole, and a plurality of permanent magnet
inserts, each of the interpole gaps having at least one
permanent magnet insert positioned therein, wherein
cach phase winding defines a phase inductance and a
permanent magnet flux curve that vary with rotation of
the rotor with respect to the stator, the phase inductance
reaching a maximum when a pair of the plurality of
rotor poles aligns with a pair of the plurality of stator

poles; and

a drive circuit comprising a main drive bus for receiving
clectric power and a plurality of power switching
devices coupling the main drive bus to the phase
windings, the drive circuit controlling the energization
of at least one phase winding such that the polarity of
the current flowing through the phase winding during
intervals of increasing phase inductance 1s of the same
polarity as the slope of the permanent magnet flux
curve for that winding over that interval.

12. The reluctance machine system of claim 11, wherein
the drive circuit controls the energization of each phase
winding such that the polarity of the current flowing through
cach phase winding during intervals of increasing phase
inductance 1s of the same polarity as the slope of the
permanent magnet flux curve for that winding over that
interval.

13. The system of claim 11 wherein the main drive bus 1s
a DC bus and where each phase winding is coupled across
the main drive bus by four power switching devices
arranged 1n an H-bridge configuration.

14. The system of claam 11 wherein the drive circuit
COmMprises:

a DC bus providing DC power, the DC bus defining upper
and lower rails;

a {irst capacitor having a first end coupled to the upper rail
of the DC bus and a second end;

a second capacitor having a first end coupled to the second

end of the first capacitor and a second end coupled to
the lower rail of the DC bus;

an electrical connection between the junction of the first
and second capacitors and a common node to which
one end from each of the phase windings 1s coupled;
and




5,973,431

11

upper and lower power switching devices for each phase
winding; the upper switching device for a given phase
winding coupling other end of the phase winding to the
upper rail of the DC bus and the lower switching device
for the given winding coupling the other end phase
winding to the lower rail of the DC bus.
15. The system of claim 11, wherein one end from each
of the phase winding 1s coupled to a common node and
wherein the drive circuit comprises:

a DC bus providing DC power, the DC bus defining upper
and lower rails; and

upper and lower power switching devices for each phase
winding; the upper switching device for a given phase
winding coupling the other end of the phase winding to
the upper rail of the DC bus and the lower power
switching device coupling the other end of the phase
winding to the lower rail of the DC bus.
16. The system of claim 11 where there are six stator
poles, four rotor poles and three phase windings.
17. The system of claim 11 where there are eight stator
poles, six rotor poles and four phase windings.
18. The system of claim 11 wherein the drive circuit
COMprises:

a source of DC voltage providing a DC bus;
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a power converter having 1ts iputs coupled to the source
of DC power;

a switched reluctance drive circuit having 1ts bus mnputs
coupled to the outputs of the power converter, wherein
the main drive bus 1s the bus of the switched reluctance
drive.

19. The system of claim 18 wherein the switched reluc-
tance drive comprises two power switching devices and two
flyback diodes for each phase winding, wherein the main
drive bus comprises an upper rail and a lower rail, and
wherein one end of each phase winding 1s coupled to the
upper rail via a power switching device and to the lower rail
via a flyback diode and wherein the other end of each phase
winding 1s coupled to the upper rail via a flyback diode and
to the lower rail via a power switching device.

20. The system of claim 18 wherein the switched reluc-
tance drive comprises N+1 power switching devices and
N+1 flyback diodes, where N 1s an imteger and N 1s the
number of phase windings.

21. The system of claim 11 wherein each of the inter-pole
gaps has one permanent magnet insert positioned therein.

Gx s * o e
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